For fine stitching of multiwindow wide-spectrum detectors, an aspherical Schwarzschild objective with an effective working distance of 525 mm has been realized for chromatic aberration-free imaging in 400-900 nm wavelength range and with a numerical aperture of 0.13. A theoretical approach for analytical design of an initial configuration has been modeled using an on-axis Taylor series expansion, and the beam obscuration ratio (OR) When measuring over large areas using subaperture stitching, such as imaging a multiwindow wide-spectrum detector, it is important to control the z defocusing to within 1 μm and to inspect structures with suitable lateral resolution. It is difficult to design microscopes with working distances (WDs) of at least 500 mm (to satisfy mechanical clearance requirements), numerical apertures (NAs) in the region of 0.15, source wavelengths λ 400-900 nm, and with rigorous control of chromatic focal shift. Control over chromatism is the most problematic design constraint, as it is proportional to aperture size, focal length, and wavelength range. Also, a long WD usually results in a complex design and high cost. Off-axis optical path compensation in microscopy, particularly for low-NA systems, is not significant, since the field of view (FOV) is often relatively small. Mirror technology has been applied in microscopy and telescopy [1] for chromatism-free optical design using x ray [2, 3] , extreme ultraviolet [4], or infrared sources [5] . However, compared to lens-based imaging technology, coaxial reflective systems have a key issue: the presence of a central beam obscuration, which significantly reduces the illumination efficiency and degrades the image contrast. The obscuration ratio (OR) of a spherical Schwarzschild objective is 19% at NA 0.23 [6] and 25% for a commercial objective (Thorlabs LMM-15X-UVV, NA 0.3 and 15× magnification). For the design of objective lenses, the problem of how to suppress the OR and enlarge the WD is of prime importance, since the initial contrast of some structures, for example CCD pixels, is only 0.2-0.3. A high OR results in significant degradation of contrast and ultimately results in low stitching accuracy.
When measuring over large areas using subaperture stitching, such as imaging a multiwindow wide-spectrum detector, it is important to control the z defocusing to within 1 μm and to inspect structures with suitable lateral resolution. It is difficult to design microscopes with working distances (WDs) of at least 500 mm (to satisfy mechanical clearance requirements), numerical apertures (NAs) in the region of 0.15, source wavelengths λ 400-900 nm, and with rigorous control of chromatic focal shift. Control over chromatism is the most problematic design constraint, as it is proportional to aperture size, focal length, and wavelength range. Also, a long WD usually results in a complex design and high cost. Off-axis optical path compensation in microscopy, particularly for low-NA systems, is not significant, since the field of view (FOV) is often relatively small.
Mirror technology has been applied in microscopy and telescopy [1] for chromatism-free optical design using x ray [2, 3] , extreme ultraviolet [4] , or infrared sources [5] . However, compared to lens-based imaging technology, coaxial reflective systems have a key issue: the presence of a central beam obscuration, which significantly reduces the illumination efficiency and degrades the image contrast. The obscuration ratio (OR) of a spherical Schwarzschild objective is 19% at NA 0.23 [6] and 25% for a commercial objective (Thorlabs LMM-15X-UVV, NA 0.3 and 15× magnification). For the design of objective lenses, the problem of how to suppress the OR and enlarge the WD is of prime importance, since the initial contrast of some structures, for example CCD pixels, is only 0.2-0.3. A high OR results in significant degradation of contrast and ultimately results in low stitching accuracy.
The use of aspherical mirrors can offer low OR but complicates the design theory and fabrication. A model of the analytical design of an aspheric Schwarzschild objective, which makes use of the Abbe sine and constant optical path conditions, is presented elsewhere [7] . A further design method is to fit an equation to the numerical data representing the primary and secondary mirror surfaces of the microscope [8] . However, the calculation is complex and the initial configuration cannot be readily determined. Moreover, control of the OR is not yet included in the analytical design procedures, something that is an open issue in the optical design community [9] [10] [11] .
In this paper, an approach for the analytical design of a Schwarzschild objective is presented so as to determine an initial configuration before using a computer-aided design or for use before iterative optimization. The discussion focuses on the design of a chromatism-free imaging system with low OR, large WD, and a source wavelength range of 400-900 nm.
As shown in Fig. 1 , the Schwarzschild objective consists of primary and secondary aspheric mirrors. The size and position of the coaxial secondary mirror affects the beam obscuration. The peaks in the spectra of the LED channels are chosen to match with the bandpass (peak λ 10 nm) of the protective windows in front of the detector array being measured. The fiber NA should be slightly larger than that of the Schwarzschild objective in its image space so as to guarantee a sufficient illumination aperture and reduce energy loss. A pellicle beam splitter (F39-481, Edmund Optics) is used to split the focusing beam. This beam splitter is of 2 μm thickness, therefore minimizing the chromatic aberration generated by focusing. The CCD (EI-30CE, Sony) is chosen for high sensitivity in the wavelength range of 400-900 nm and has an analogue output for low-contrast observation. An analog output has been replaced by a digital output; however, in some cases, manual adjustment is still useful in practice.
In order to control beam obscuration, OR is modeled as a constraint parameter in the design procedures for the mirrors, and this allows it to be considered in conjunction with the other initial design parameters.
As indicated in Fig. 2 , the OR can be expressed as S 0 ∕S m . This ratio reflects the level of beam shading and how the light is blocked during illumination and imaging. Using the definition of S 0 ∕S m and the paraxial condition, the following expression can be obtained:
As illustrated in Fig. 2 , ρ 0 − l 0 is the sum of the WD and the secondary mirror thickness. Using Eq. (1), S 0 ∕S m will be close to zero if magnification m becomes infinitely large. However, m cannot become infinitely large because of the limited mechanical space and the constrained parameter r 0 . r 0 will increase with m if ρ 0 is fixed. First, S 0 ∕S m , m, and ρ 0 − l 0 should be determined according to the requirements of the measurement task. Then, r 0 and ρ 0 can be optimized based on fabrication experience. Larger values of r 0 and ρ 0 are often possible in surface metrology applications.
After ρ 0 ; l 0 , and r 0 have been selected, the aspheric surface parameters, such as the curvature c, conic constant k, and high-order coefficients α i i 1; 2; 3; …, can be calculated according to the Zernike sag function:
where a is the radial coordinate in lens units. Head's model on the primary mirror [8] is given by
where κ ρ 0 r 0 ∕l 0 , α mκ∕Mκ − 1, β m∕m − κ, and γ cos θ m 2 − sin 2 θ 1∕2 . The corresponding secondary mirror equation is given in [7] but omitted here because it has a very similar form to Eq. (3). The expansion of the Taylor series at θ 0 indicates the on-axis performance of the setup. This approximation is valuable for this objective design because the target NA is 0.13; the semi-aperture angle is only 7.5°. The Abbe sine and the constant optical path conditions agree very well, and off-axis aberrations do not increase significantly fast because the NA is sufficiently small. However, for designs of high-NA objectives, the use of this approximation may still be reasonable to speed up simulation of initial configurations. The mirror geometry can be determined analytically in finite form. However, the above equations are too complex to obtain c and k using Eq. (2).
The primary mirror equation can be expressed by a conic term if the aplanatic sphere equation is replaced by a quadric aspheric equation; thus,
where R 1 1∕c and k 1 is the conic constant of the primary mirror. Rewriting Eq. (4) in polar coordinates, a new equation, equivalent to Eq. (3), is obtained:
where w 1 − k 1 r 2 0 − 2R 1 r 0 . In order to determine the radius of curvature R 1 and conic constant k 1 , Eqs. (3) Fig. 1 . Scheme of a microscope with a Schwarzschild objective, which has a WD of 525 mm, a NA of 0.13, and a magnification of 6.5×. There are four individual peaks in the spectra of the fiber illuminator at 480, 550, 660, and 850 nm. The working wavelength is switched on/off by the use of LEDs. Comparing the design of a pure mirror objective asked for a large magnification, the use of the secondary imaging, with a Zeiss EC Plan Neofluar objective lens with a 0.075 NA and 2.5× magnification, can enlarge the magnification and reduce the mechanical size of the objective by shortening its optical path length. A larger magnification is required for observation of small structures, not to match the pixel size of the camera. The matching tube lens is model no. 58-395 from Edmund Optics and the LEDs are customized from the OPT company. The systematic magnification is set at 16.25× 6.5 × 2.5. The CCD pixel size is 6.5 μm × 6.25 μm. and (5) are both expanded as a Taylor series at θ 0, assuming the corresponding coefficients of the lower order terms are equal in the expansions of Eqs. (3) and (5) . Then, the coefficients of the first-and secondorder terms can be derived. The radius of curvature R 1 [10] and the conic constant k 1 can be determined using
Further, the expressions for the vertex radius of R 2 [10] and the conic constant k 2 of the secondary mirror can be determined in a similar manner:
where α0 Mκ∕Mκ − 1, β0 M∕M − κ, and M 1∕m.
Equations (6)- (9) enable the determination of ρ 0 , l 0 , r 0 , R 1;2 and k 1;2 without iterative numerical optimization. Consequently, Eqs. (6) and (8) are new, whereas Eqs. (7) and (9) are also helpful despite the complexity, as the user does not need to determine k 1;2 from experience. Note that the higher order coefficients α i are only recommended when higher fabrication costs are allowed and improved performance is desired. These variables can be optimized in further calculations, as with, for example, ZEMAX simulations, but they are unnecessary in current designs. In terms of manufacture, diamond turning technology is not recommended, as the resultant roughness is not currently sufficient for short-wave imaging. However, traditional polishing techniques can be used. For design of the microscope, the target values are set at S 0 ∕S m 4%, NA 0.13, m 6.5, FOV ≤ 0.3 mm, and WD 525 mm by considering the requirements on acceptable contrast degradation, imaging resolution, magnification, and the distance of the surface being inspected from the rear reference of the secondary mirror. To balance the issues of mirror fabrication and the need for a compact mechanical space, ρ 0 − l 0 550 mm, l 0 190 mm, and r 0 715 mm. Equations (6)- (9) are used to calculate the mirror parameters. The theoretical results are listed in Table 1 .
To simplify the fabrication, the mirrors are set as quadratic profiles without use of α i . In Table 1 , the radii of even aspheric surfaces correspond to R 1 and R 2 , while the conic terms have exactly the values of k 1 and k 2 .
The conic values from 0 to −1 indicate that the two even aspheres are both elliptical mirrors. These values are calculated by using Eqs. (6)- (9).
ZEMAX simulation results are presented in Fig. 3 , which shows that the modulation transfer functions (MTFs) of the design listed in Table 1 overlap with the theoretical diffraction limit. This provides validation of Eqs. (6)- (9) for reasonable initial parameters before computer-aided optimization. Equations (6)- (9) are also potential tools to determine how the matching aspheres can contribute to further aberration control, such as minimization of coma. In this design, the two mirrors are both quadratic, so no high-order coefficients are involved, whereas α i may be needed to compensate for off-axis aberrations when the NA is greater than 0.13.
In Fig. 3 , all the curves overlap with their diffraction limit and cut off at 542 lp/mm in object space. Compared with the curve A, the MTF amplitude of curve C is 41% lower, at 200 lp/mm, and is slightly enhanced in the 300 lp/mm to 542 lp/mm range. From experience, the low amplitude of the MTF at the low and middle a The relay imaging plane is the internal imaging plane connecting the Schwarzschild objective and the secondary lens, as shown in Fig. 1 . The merit function is not used for iterative optimization. frequencies will result in a blurred image, while an enhanced high-frequency MTF will result in a sharper edge. For the CCD being stitched here, the pixel and the microcircuit wire contrast is 0.2-0.3. Hence, the central part of curve C is too weak to allow inspection of the pixels and wires. The enhancement on the high-frequency MTF is of limited contribution to the requirements here. The MTF value of curve B at 200 lp/mm is about 0.41, only 13.9% lower than curve A and 45.4% higher than curve C. Curve B is much closer to curve A. Robust mirrors made of fused silica, a low expansion material, have been used to reduce the need for rigorous temperature control and to retain the image plane to better than 1 μm during stitching. The primary mirror thickness-diameter ratio is around 1:8. The peak-tovalley values of the primary and secondary surfaces are 84 and 77 nm, respectively. Both the mirrors are coated with aluminum for high reflectivity in the spectral range from 400 to 900 nm, and an extra antioxidant coating for durable usage is finally added. As the decentering of the secondary mirror will generate large aberrations, the mirrors were assembled under an extra inspection CCD to aid in compensating for the decenter down to 10 μm and tilt angle below 0.006°. A standard 1951 United States Air Force (USAF) resolution chart was used to aid and test the assembly. The USAF chart can be used for contrast testing using structures in the 5-10 μm range.
The LED back illuminator is placed behind the USAF target for contrast testing [ Fig. 4(a) ]. The image is recorded at the relay image plane. As shown in Fig. 4(a) subfigure, the pattern (102 lp/mm) is resolved with high contrast. The 102 lp/mm line was selected for the contrast test on the typical-sized structures, not to test the limit of resolution but to investigate the difficulty of stitching inspection due to the weak pixel contrast, the microscale of the circuit wires, and the large WD. The secondary lens was used to give a larger magnification, a larger range for fine positioning, and to reduce eye fatigue during lengthy observations. Figure 4(b) gives an inspection result on a line CCD with a pixel size of 14 μm × 56 μm. The pixels and microcircuits are both clearly identified, as are the small node grids. In addition, an empirical MTF would be a welcome addition to show the level of fabrication difficulty by comparing with the theoretical curve B in Fig. 3 .
In conclusion, an aspheric Schwarzschild objectivebased microscope, with low obscuration, has been realized and used for accurate stitching measurement of multispectrum detectors at λ 400-900 nm, NA 0.13, and WD 525 mm. The WD is over 10 times that of lensbased microscopes. An approach for analytical design of the initial configuration has been presented, modeled by an on-axis Taylor series expansion, and the OR has been controlled down to 4%. Finally, it should be stated that Eqs. (6)-(9) are available for design of quadratic mirrors, but high-order coefficients, α i , have not been included so far. For designs of objective with high NA or wide FOV, it is recommended that the proposed approach is applied and coupled with commercial software for global optimization to improve off-axis aberrations.
